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Abstract : The angular distribution of protons elastically scattered from ’ ’C, '^O, ^^Al. *'*Si, '^Zr,
*”'Ag. "^Sn. *‘^ ^Au, *^’’*Pb at different energies ranging from 28 MeV to 61 4 MeV, have been analyzed in terms of the spherical optical model 
Independent energy search at each energy and common geometry optical model calculations have been perfonned An over all satisfactory 
aprecineni has been obtained The best fit parameter values of the depth, radius and diffusivity of all the real, imaginary and spin orbit parts 
of the potential arc obtained by the method of least square Systematic trends of variation of different potential depths are investigated. 
ImjMjrical tormulae have been developed for the real potential depths of the proton scattenng
Keywords • Optical model potential, sensitivity of potential parameters
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1. Introduction
Elastic scattering of nucleons from nuclei can be described 
in terms of a local optical model. The optical potential is 
described in terms of some parameters which show a smooth 
and sensible variation with projected energy and with the 
neutron and proton number of the target nucleus. The model 
dnes not yield a unique optical potential even though the 
number of parameters can be varied from 6 to 12. Although 
now, nearly half a century passed since the model was 
horn, yet work. f^ on the model are still on progress. Different 
approaches of calculations have subdivided the field, 
^^perimental data are being used for optical model fits for 
^ i^nparing it to the measured quantities and thus values of 
^dlcrcnt parameters are found out. These parameters, in 
describe physics of the microscopic world. All sorts of 
Pf(>jcctiles, like light ions and heavy ions, electrons, neutrons, 
poins etc, have been used in the scattering experiments. The 
***^ craction process is broadly classified into two groups ~ 
JJ^elastic scattering and non-eIa.stic interactions. Attempts 
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have also been taken to study elastic scattering between 
light nuclei in terms of the optical model. Several such 
studies were done in the past [1|. Proton clastic scattering 
angular distributions for few targets (Fe, Pb, Ni) are studied 
in the framework of the optical model using Woods-Saxon 
(WS) and squared WS potentials by a few authors [21. 
Angular distributions of the differential cross section of 
alpha clastic scattering by different target nuclei have also 
been studied by other authors 13,4], Moreover, in the case 
of scattering of alpha particles from light nuclei, the WS 
type potentials have proven quite inadequate, while the 
squared WS type potentials have emerged remarkably 
successful [3].
The present work is an effort of analysis of scattering 
experiments using optical model. It aims at studying 
clastic scattering of protons at different energies ranging 
from 28 MeV to 61.4 MeV on 20 nuclei, e.g., *^ C, *^0,
2'^ Al "**Si, ^®Ca, -^ «.60.62.64jqj|^  6.^ .64,6i?Cy^  64,66.68^^^
108Ag  ^ ii6Sn, *‘^ ^Au and 2F>«pb. Now, the rca.son for the
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choice of targets, projectile and the energy range so made, 
arc as follows :
(a) Many data arc available for these nuclei. Moreover, 
most of the nuclei arc spherical and are therefore, 
well described by the simple optical model potential 
with no strong coupling to low lying collective states.
(b) The energy range 28-61.4 MeV studied for proton 
scattering lie well within the accepted limits, e.g. 
b-I60 MeV of validity of the microscopic optical 
model (5).
(c) Protons appear to have several possible advantages 
over composite particles; furthermore, the higher 
penetrability of protons in nuclear matter allows them 
to probe the nuclear interior. Finally, proton .scattering 
is more suitable for more fundamental analysis.
2. Optical model calculations
The potential considered in the calculation can be dc.scribed 
as follows :
(a) The real part of the potential is de.scribed by a volume 
potential of the Woods-wSaxon form.
(b) The imaginary part is a surface potential having 
Woods-Saxon derivative form.
(c) The spin-orbit form was chosen as is given by the 
following formulae :
K>'o = (*'.>0 + «yvo)(lA )[4cxp{(r- /•„,)/«„,}]/ 
[ l+ c x p { (r- /-„  )/<!„,}]^ I. S
Here, and arc strengths of the real and imaginary 
spin-orbit potentials.
is the radius and a^ measures the surface
diffuseness.
It is well known that the optical model potential should be 
non-local in form, i.e., V(r) y ( r )  should be replaced by 
dV(r, r ') y ( r ' )d r \  of course this term is equivalent to a local 
potential with energy-dependent coefficients when certain 
approximations are made about it. For calculating the 
differential scattering of protons, it was necessary to solve 
the Schrbdingcr equation
V > - f ( 2iu //|2)(£:-V )v^ = 0 ,
m = the reduced mass, E  = the energy of the incident particle 
in the centre of mass system, the optical model potential. 
Particle wave method was applied to solve the equation. 
For the 1-th partial wave, the corresponding radial equation 
is given by
/d r^  + {(2/i/A 2 )(£  -  V (r»  - 1(1 + D /r^jw , = 0. 
Ih is  equation was then solved numerically.
2. /. Parameter sensitivity :
In optical model formalism, there are nine parameters 
total. These are the real, imaginary and spin orbit potcntiii 
depths ((/, W, respectively), the corresponding radu,, 
parameters, /?,„ and the diffuseness parameters t
A,,, and a,o- These parameters of the model are inierrilauxi 
It is impossible to isolate one by ignoring the cflcus oj 
others of the .set. Hence, they must be varied systcmaiiL;i!K 
to reproduce the experimental observables. An idea ol lixn 
.sensitivity on the angular distribution is nccc.ssarv. ih- 
present work also attempts for such an analysis. During iix 
analysis of the parameter sensitivity, a single paraineici 
varied alone at a time while others were kept unalicud 
Figure la shows that .scattering incrca.ses with an inae.isi 
in the depth of the real potential U. A reverse trend is 
observed in ease of the radius parameter R„. AdditionidK 
in the ca.se o f /?„, a lateral shift in the o.scillation pattern is 
also obvious. On the other hand the real pait ol i!i. 
central potential slightly increases the overall cross scvimn 
values, except a decrease in the region 90'’- 175 ’ (Piiiuk 
Ic). In both the eases of variation of and R^ ,., cross scciioi. 
decreases with increment of the parameters througliout i(u 
angular range without any noticeable effect to the Irequencv 
of oscillation. In the last ease i.c., for the variation ol 
the imaginary potential, there is no ob.servablc dillercna 
(Figure If) in the angular distribution except at large angles 
However, the value of is correlated with the imaginau 
depth W.
------Angle (deg) —®
Figure 1. Effect of variation of potential parameters (a) U, (b) (c)
(d) W, (e) rvv and (0 on angular distribution.
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H Results an d  d isc u ss io n
j / Energy variation o f  optical potential : 
f 1 1 Real port o f  the optical model potential :
The results of the real part of the potential as a function of 
incident energy for the nuclei ^*Ni and “ Zn arc
shown in Figure 2a. The data have been fitted by the 
following three straight lines :
U = 53.3 -  0.55 E  + 21{N -Z)IA  + 0 .4 Z //t ''’ McV.
( 1)
(i)
Incident energy
Fifjurc 2a. Energy vanation of the real part of the optical model potential
This relation was proposed by Percy and Percy [6 | after an 
cKicnsivc analysis of proton elastic scattering in the range 
22 McV for medium weight nuclei.
Oi) K = 106.3/l/[/?’ (l + /72aV 7?2)] + 2 4 a
+ 0.5177’( l - a ) / a f f .  (2)
Here. R = 1.204 / t ' ' ’ + 0.305. a  = (/V -  Z)M and T  is the 
is( s^pin of the nucleus. Hodgson [7] showed that the data 
ol Percy and Percy |61 with 50 < A < 70 is inconsistent with 
tit). (1) and a better phenomenological expression for this 
energy and mass range would be given by cq. (2).
, *‘‘Rurc 2b. Energy variation of the imaginary part of the optical model 
j potential.
(iii) Vp = 54.0 -  0.32 £  MeV, £  < 50 McV,
! ® '^ elation proposed by Becchetti and Greenlees f8] for the 
I ’^ “tiering of protons.
From the Figure 2a it can be observed that the relation 
proposed by Percy and Percy fils best with the real part of 
the optical potential obtained in the present work.
JJ.2 . hmigitmry part o f  the optical model potential :
llie  results of variation of the imaginary part of the optical 
potential as a function of energy have been shown in 
Figure 2b. A linear energy dependence
W =  1.17 + 0 A 5 E  McV, 5 < E < 40 McV (3)
w|is found in the work. This relation was proposed by Brieva 
aild Rook [9] after analyzing nucicon-nucicus optical model 
potential considering nuclear matter approach.
3$. Asymmetry variation o f optical model potential :
3.2. /. Real part o f the optical model potential :
The asymmetry variation of the real part of the optical model 
potential has been shown in Figure 3a for Ep = 39.6 McV. 
'Phe real potential depths were coiTcctcd for the Coulomb 
term 0.4 The straight line (solid) shows the results
predicted by the following equation with Percy’s values i>f 
f/o = 36.6 McV and = 27 McV.
U -  0 .4Z/A’/' = Uo + lf(N^~Z)/A  (4)
44 ~
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Figure 3a. Real potcniial dcpih.s correclcd foi the Coulomb Icrm as a 
function of the nuclear symmetry piuamcUT.
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Figure 3b. The imaginary surface potential depths plotted as funciion of 
showing the strxught line corresponding lo 7 + 50(7/- Z)M
The dotted curve shown in the figure has been drawn using 
the values of f/o = 39.6 McV and = 17 McV for surface 
absorption due to Barrett et al [ 10]. It is obvious that Barrett’s 
values suit better with the present observation.
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3,2.2. Imaf*inary part o f the optical model potential :
Imaginary surface potential depths have been plotted as a 
function of {N -Z )/A  and A^^  ^ in Figures 3b and 3c 
respectively. From the Figure 3c, it can be observed that 
Percy’s estimation Wn -  3^4'^' is approximately valid.
The line in Figure 3b is W = 7 + 50 (N -Z)IA , as suggested 
by Percy and Percy also shows a satisfactory fit.
10 ,
a I
1 ^cun
1 ,6
3 8 3 9
t
4,0 4 1
Ai/^
Figure 3c. The imaginary surface potential depths plotted as function of 
showing the straight line corresponding to IV/) =
J.3. Variation o f radius and diffusencss parameters : 
Presence of any trend of variation of radius and diffuseness 
parameters has also been searched in the work, but no such 
trend was found. From the works, it appears that the values 
of the radius parameters and the diffuseness parameters arc 
largely independent of the incident particle energy and the 
mass of the target nuclei.
4. Conclusion
The angular distributions of protons elastically scattered from
27AI, “«Si, ^ ^ a , 6.1.64.65(3;^  ^64.66.6K2fn^
108Ag  ^ "^Sn, and different energies ranging
from 28 MeV to 62 MeV and the polarization data have 
been analyzed in terms of the spherical optical model and 
have been depicted in Figures 4, 5.
Oc m (cleg)
Figure 4b. Optical model fils compared to measured polan/ation I , 
at = 40 MeV
The optical model fils satisfactorily for lower angles I 
may be concluded here that the standard optical moili 
form alism  can adequately reproduce the s c a U m n ,  
phenomena for the nuclei and the range of cnergi'. 
considered. It is felt that good fils to the higher energies l.h 
be obtained using a mixture of surface and voliinn 
absorptions.
S
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Figure 5a. Optical model fits compared to measured polari/aiions ii 
/?) at Hf, = .^9.6 MeV
®  0 0  
CL
Figure 4a. Optical model fits compared to measured polarization for 
^^Cip.p) at Ep « 40 MeV.
0 . . (dec)
Figure 5b. Optical model fit.s compared to measured polarizations 
*»*Ni(/7,p) at Ep = 40 MeV.
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Bouyssy e ta l [11a] have mentioned that at 10 MeV, the 
tcntial has a pure surface part, while we gel more and 
morr absorption in the interior when the incident energy 
increases. Difficulties were experienced in the simullancous 
litiing of differential cross sections and polarization data. It 
,s clear for the polarization of protons from only the 
iicncial feature of the polarization is grossly reproduced. 
On ihe other hand for the fit is excellent upto about 
iK) and at this angle, the position of a maximum is only
icproduccd.
riie polarization data of protons from other target nuclei 
vuch as show an excellent fit
upto 80'', beyond which the fit is poor. For and ‘^ Zr, 
the quality of fitting is good upto 95” and above this angle, 
the quality of fits is not much acceptable. Wc have observed 
that improved fits ct>uld be obtained by fitting the 
polarization data only, resulting in a smaller spin^orbil 
diffusencss parameter. During the analysis of polarization 
data, it was found that the present optical model analysis 
qould explain polarization phenomenon adequately upto 
afound 85” only. This is support t)f the strong absorption 
i4odel due to FYahn and Venter [I2 |. From an analysis of 
l |c  potential parameters obtained (Tables I and 2) in the 
\4ork, following trends were observed.
Table 1. Optical iikhIcI potential parameters for the nuclei •^Al, ‘‘''Au (p. p) at 28 MeV
IXULItlO - "t/ < .............
(MeV) (MeV) (F) (F) (MeV) (b) (F) (MeV) (F) (F) tadius
parameter)
44 1 (a’) 38.53 1.17 0 75 21 37 1.32 6 20 1.01 0.75 1.25
(b) 35.61 1 09 0 75 7 70 1 50 0 33 3 61 1 08 0 52 1,25
2K (a) 47 10 1 21 0 71 5 80 1.27 8.50 1 25
(b) 46.55 1 21 0.71 13 54 1 27 0 29 8 50 1 21 0.71 1 25
■^Sl 2H (a) 59.60 I 06 0 78 0 68 091 2.80 1.25
(b) 53.88 1.06 0 78 7.83 0 91 1 01 2 80 1 06 0 78 1 25
"'Cu 28 (aj 55 70 1 1 0 74 1 16 6 50 1 25
(b) 43 11 I t 0 58 9 78 I 15 0()1 1 96 1 30 0 58 1 25
'<>Mg 28 (a) 44,90 I 17 0.57 4 40 1 1 1 1 1 90 1 25
(b) 47 01 1.27 0.57 9 10 1.1 1 0 61 11 90 1 27 0 57 1 25
'‘•’’All 28 (a) 50.00 1.24 0.85 5 30 1.52 8 60 1 25
(b) 47 04 1 24 0 55 55(5 1 52 091 8 60 1 24 0 55 1 25
U) Kef [X|; (a) Rcl [131 , (b) Present wotk
Table 2. Optical model potentlal parameters for the nuclei M SKN) 62.M|SJ, M.60 a1 30 and 39 6 MeV
Nucleus hr U ri, (iv w rw a\\- '\o (coulumb
(MeV) (MeV) (F) (F) (MeV) (F) (F) (MeV) (F) (F) radius
• parameter)
'T u 30 (a) 57 87 112 0 77 3 45 1 (7 0 64 6 90 0 02 0 58 1 20
(b) 49 68 1 13 0 76 871 1.35 0 63 6 29 1 08 0 73 1 20
30 (a) 53 71 M i 0 79 3.54 1 34 0 65 6 30 1 03 0 56 1 20
(b) 49,74 1.13 0 78 9.60 1.35 0 62 6 20 1 11 071 1 20
3‘J 6 (a) 48.20 1.27 0 46 5 20 1 27 0 46 6 65 1 17 0 63 1 20
(b) 43.66 1 2 1 0.70 8 26 1.24 0.50 6.50 1 09 0 66 1 20
39 6 (a^ 49 70 1.27 0 48 5.20 1 27 0 48 6.28 1 16 0.64 1.20
(b) 44 50 1 20 0.70 7.52 1.25 0.52 6 17 1 08 0.67 1 20
'•’Ni 39 6 (a) 46 00 1.29 0.56 4.57 1 29 0.56 6 29 1 in 0 60 1 20
(b) 4441 M 9 0.70 7.01 1.29 0 63 6.35 1 04 0.71 1.20
39.6 (a) 48.90 1.26 0 60 5 60 1.26 0.60 6,78 1 18 0.60 1 20
(b) 47.47 1.16 0 71 6.76 1.29 0.67 7 88 0.94 0,85 1.20
39.6 (a) 44.80 1.25 0.61 4.54 1 25 0 62 6 12 1 20 0 61 1 20
(b) 45.68 1.16 0.73 6.15 1.30 0.65 6.15 1.01 0 71 1.20
39.6 (a) 43.16 1.27 0.63 4 48 1.27 0 63 6.00 1 23 0 60 1.20
(b) 47.88 1.17 0.70 6.08 1.29 0.72 7 98 0.87 0.95 1.20
39.6 (a) 46.41 1.23 0 66 5.77 1.23 0.66 6 24 1.20 0 61 1.20
(b) 45.60 1 15 0.73 4.87 1.30 0.74 6.78 0 94 0.86 1 20
(a) Ref. (Ml for 40 MeV and 1151 and 1161 for 50 MeV data. (b) Present work.
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(a) The values of U  increases with increasing neutron 
number. This tcndenc-y is in agreement with the results 
obtained from the analysis of proton .scattering by 
Percy and Percy [6|.
(b) ITie radius and diffuscncss are largely independent 
of the incident particle energy and the target mass 
number.
(c) Imaginary potential depth W is decreased over the 
sequence of nuclei.
(d) Spin-orbit potential depth remained nearly constant 
during increasing mass number.
During the analysis, it is also felt that more accurate 
experimental data, specially on polarization is required for 
more elaborate and better optical model analysis.
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